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Abstract 
Specimens of stabilized clays were studied in an instrumented oedometer, designed and fab-
ricated in-house at the University of Sheffield. One, artificial clay (i.e. kaolin) and two natu-
ral clays (i.e. Malaysian and Swedish soft clays) were stabilized with various quantities of 
stabilizers and cured for different periods prior to tests. The stabilizers used were either pure 
ordinary Portland cement (OPC) or lime-cement at 1:1 ratio. The newly developed instru-
mented oedometer simultaneously measures settlement, lateral stress and shear wave velocity 
of the stabilized clay specimens. The oedometer was essentially a thin-walled floating ring 
type, measuring 100 mm in diameter and 90 mm in height. Strain gauges were affixed to the 
outer wall of the ring to measure radial displacement, and hence lateral stress during tests. 
The top cap and base were both installed with bender element probes for shear wave velocity 
measurements. The 1-D compressibility characteristics of the stabilized materials were exam-
ined together with shear wave velocity measurements. Finally, relevant correlations between 
the different parameters measured were established. 
Keywords: Stabilised clay, shear wave velocity, 1-D compressibility, bender elements 
1.0 Introductions 
Stabilization of soft soils with low bearing 
capacity and high compressibility using 
stabilizing agents, or binders, to improve 
the engineering properties of the soils is a 
well established technique (e.g. Broms 
2004). First proposed in the 1970s, soft 
soil stabilization by means of deep mixing 
has developed significantly and is now 
widely applied to improve the stability 
and reduce the excessive settlement of 
weak, soft soils (Larsson 2005). 
The choice and properties of binders 
have been extensively studied. The devel-
opment of advanced installation machin-
ery and technology has also enabled the 
production of uniform stabilized columns 
to great depths. Besides, continuous re-
search has provided a better understand-
ing of the complex behavior of the stabi-
lized material, and its interaction with the 
surrounding un-stabilized soils (e.g. Kita-
zume 2005). Nevertheless there is still 
much room for further investigation and 
improvement, and one of the areas is the 
quality control and assurance. 
Quality control and assurance meth-
ods have made significant advances since 
the implementation of deep mixing. How-
ever a shift from conventional sampling 
and destructive testing to non-destructive 
methods using seismic waves has opened 
up an area of research, promising less 
time- and effort- consuming assessment of 
stabilized soil. In this area, Larsson 
(2005), for instance, has shown that there 
is huge potential in using geophysical 
techniques, especially the seismic meth-
ods, to determine the deformation and 
strength properties. 
Previous attempts using soil speci-
mens prepared in the laboratory have been 
made to measure the seismic wave veloci-
ties and correlate these empirically with 
unconfined compressive strength. It is 
evident that in the case of shear waves 
(hence the small strain or maximum shear 
modulus, G 0 = pv s 2 , where p is the bulk 
density and v s is the shear wave velocity), 
such a correlation exists for a given 
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2.0 Experimental Setup And Methods 
2.1 Instrumented oedometer (Oedo-BE) 
Vertical loading 
Drainage 
Top cap 
Drainage 
Figure 1: Schematic diagram of the 
istrumented oedometer 
The tests were carried out in a purpose 
made oedometer cell equipped with 
bender elements, to measure the shear 
wave velocity, and strain gauges mounted 
on the walls, to measure the lateral 
stresses. The cell, fabricated from 
stainless steel, is shown schematically in 
Figure 1. The initial specimen size was 
100 mm diameter by 70 mm high. In or-
der to reduce the effects of wall friction, a 
floating ring principle was adopted. The 
cell was mounted in a conventional dead-
weight loading frame. 
The bender elements were fabricated 
from strips of plumbum zirconate-titanate 
(PZT) ceramic, coated in epoxy resin and 
mounted in 20 mm diameter brass cups 
which were inserted into the cell base and 
the top cap. The elements protruded 
through a slot cut in the porous plastic 
drainage layer, mounted on the cell base 
or top cap, and had to be pushed into the 
specimen a distance of 4 mm when as-
sembling the apparatus. With care, they 
could be retrieved after completion of the 
test, where the specimen had hardened 
with time and increased stresses. Single 
cycle sine pulses were employed and, af-
ter amplification, the received signals 
were captured by a digital storage oscillo-
scope (1.25 GHz sampling frequency). 
For most of the measurements, the input 
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soil/binder combination (e.g. Hird and 
Chan 2005). 
Relatively, little effort has been de-
voted to study the correlation between 
shear wave velocity and compressibility 
(i.e. settlement), as compared to the ex-
tensive work carried out to relate shear 
wave velocity with strength (i.e. stability). 
Often, the prediction of settlement of sta-
bilized soil assumed that settlement will 
take place under one-dimensional condi-
tions. Therefore the compressibility of 
stabilized soil has been studied almost 
routinely in oedometer tests (e.g. Uddin et 
al. 1997; Miura et al. 2001; Feng 2002). 
However, as far as the Author is aware, to 
date only Fam and Santamarina (1995) 
simultaneously determined seismic wave 
velocities on cemented clay, but they did 
not report any relationship between wave 
velocity and compressibility. 
This paper reports on the one-
dimensional compressibility studies of the 
two stabilized clays, incorporating shear 
wave velocity and lateral stress measure-
ments. Apart from complementing the 
general body of knowledge on the com-
pressibility behavior of stabilized clays, 
the work was also intended to investigate 
the relationship between the various pa-
rameters. It is worth noting that relatively 
low binder contents in comparison to 
those used in normal practice were used 
in the tests for two practical reasons: 
firstly, to ensure the safe recovery of the 
piezoelectric transducers (bender ele-
ments) upon completion of each test, and 
secondly, to enable sufficiently large set-
tlements that can be measured with rea-
sonable accuracy. This was considered 
justified in view of the exploratory nature 
of the experiments. Examples from the 
kaolin specimens are mainly quoted in 
this paper due to space limitations, and 
should not be taken as suggestive of unre-
liable results from the other two natural 
clay specimens. 
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K0 
Kaolin with 50 % water content 
and 0 % cement 
K1.5 
Kaolin with 50 % water content 
and 1.5 % cement 
K3 
Kaolin with 50 % water content 
and 3 % cement 
MC0 Malaysian clay with 0 % cement 
MCI.5 
Malaysian clay with 1.5 % ce-
ment 
MC3 Malaysian clay with 3 % cement 
SCO 
Swedish clay with 0 % lime-
cement 
SC10 
Swedish clay with 10 % lime-
cement 
The soil was compacted in the oe-
dometer ring in three layers, each layer 
being tamped by hand in a consistent 
manner using a purpose-made tamping 
tool. The ends of the specimen were 
trimmed flat and the ring installed be-
tween the cell base and the top cap. 
The specimen was left to cure for 7 
days without access to additional water, in 
order to minimize the development of 
non-uniformity. At the end of the curing 
period water was supplied to the porous 
plastic drainage layers and the specimen 
was then subjected to a sequence of 
stresses, including unloading and reload-
ing, up to a stress level of 800 kPa. Each 
stress was generally left in place for 24 
hours, by which time primary consolida-
tion (or swelling) was complete. Shear 
wave velocity measurements were made 
at the end of each loading stage and also 
during the individual loading stages. Lat-
eral stresses were monitored throughout 
the tests. 
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frequency of the sine wave was system-
atically varied from 7 to 15 kHz in order 
to check the variation of the measured 
wave velocity with frequency and some-
times repeated signals were averaged. The 
wave arrivals were determined by visual 
inspection of the received signals. The use 
of other methods, such as cross-
correlation and cross-spectrum phase (e.g. 
Viggiani and Atkinson 1995) to determine 
the shear wave velocity was explored by 
Chan (2006a) but there was no evidence 
that one method gave consistently better 
results than the other. 
Duplicate full-bridge strain gauge cir-
cuits were employed for lateral stress 
measurement (i.e. A1/A2 and A3/A4). 
These were arranged on the central sec-
tions of the ring where its thickness was 
reduced to 0.8 mm in order to achieve suf-
ficient sensitivity. The maximum hoop 
strains in the ring, and hence the radial 
strains in the soil, were estimated to be of 
the order of 1.5xl0"5. On the basis of pre-
vious experience with this method of 
measurement (e.g. Edil and Dhowian 
1991; Zhu et al. 1995), the effect of such 
small lateral strains on the measured lat-
eral stresses can be considered negligible. 
The circuits were calibrated by subjecting 
the ring to internal pressure without ap-
plying vertical force to the ring. Further 
details of the instrumented oedometer and 
associated test procedures can be found in 
Chan (2006). 
2.2 Specimens Preparation 
One artificial clay, that is kaolin, and a 
natural soft clay of Swedish origin, were 
used in the tests. Ordinary Portland ce-
ment was used as a binder for the kaolin 
but for the Swedish clay a 1:1 mixture of 
Portland cement and un-slaked lime was 
used. The kaolin specimens were prepared 
by mixing pre-determined amounts of 
clay powder and water before adding the 
required amount of binder. The Swedish 
clay, obtained from bulk specimens, was 
mixed with the binder at its natural water 
content. In both cases the clay and binder 
were thoroughly mixed in a mechanical 
mixer. The amount of binders was deter-
mined based on the dry weight of the base 
clay Table 1 summarizes all the speci-
mens tested. 
Table 1: Summary of test specimens 
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Figure 2: Evolution of maximum shear 
modulus (G 0) during curing period for 
K3 
Justification for the 7-day curing pe-
riod is illustrated in Figure 2, where the 
increases of G 0 for K3 over the 7-day cur-
ing period in the oedo-BE cell are plotted 
alongside the unconfined test data (Chan 
2006b). An extrapolated line for G 0 in the 
oedo-BE cell is also included, derived 
from the normalized unconfined test re-
sults for the corresponding specimen. The 
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Figure 3: Compression curves for the 
kaolin specimens 
Subsequently standard oedometer 
tests were conducted with comparable 28-
day old and 7-day old specimens. The 
compression curves of specimens with the 
same stabilizer content but different cur-
ing periods (i.e. 7 and 28 days) fold into 
one from a very early stage in the tests, as 
shown in the kaolin specimens (Figure 3). 
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seventh day oedo-BE G 0 value was used 
in the normalized equation (i.e. G 0 7d) to 
predict the evolution of G 0 for up to 28 
days. The reasonable match between the 
G 0 values measured in both tests up to 7 
days shows the consistency of the speci-
men preparation methods. In general, the 
trend of G 0 gradually flattened after a 
week as mentioned earlier. 
Observations on the change in shear 
wave signals throughout the 7-day curing 
period, starting from the time when the 
test was first set up (within an hour after 
the specimen was prepared in the cell) 
showed that apart from the obvious 
shorter travel time (first major deflection), 
the amplitude of the signal improves over 
time too. These two observations reflect 
the increased stiffness of the material as 
hydration of the cement proceeded with 
time. The improvement was most signifi-
cant during the first 24 hours, after which 
the rate gradually reduced, but still kept 
rising. This can be seen in the correspond-
ing trend of G 0-time plot for K3 in Figure 
2. 
3.0 Experimental Results and 
Discussions 
3.1 Curing effect 
The 7-day curing period for all specimens 
in the oedo-BE tests was initially decided 
upon for two reasons: firstly, the time 
constraint on the number of tests to be 
carried out with the single oedo-BE cell 
and, secondly, the trends of strength and 
small strain shear stiffness gain over time 
from the unconfined tests. Based on stud-
ies on unconfined specimens, the relative 
plateaus of G 0 with time after 7 days sug-
gest that prolonged curing would not have 
significantly reduced the compressibility 
(Chan 2006b). Never the less this is unde-
niably a much shorter time compared to 
the 1 month curing period recommended 
by Uddin et al. (1997) based on oedome-
ter tests on cement-stabilised Bangkok 
clay 
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Figure 4: Compression curves from 
Oedo-BE tests- with all loading, 
unloading and reloading data. 
1-D compressibility 
Cementation was found to have a ma-
jor positive effect on the compressibility 
behavior, though there was no evidence 
that the effect was more pronounced in 
the 28-day specimens compared to the 7-
day ones. This lends further support to the 
justification of 7-day curing period as dis-
cussed in Section 3.1. 
With the induced cementation, final 
settlements were effectively reduced by 
67 % and 79 % respectively for kaolin 
and Swedish clay with the highest stabi-
lizer contents (i.e. 3 % and 10 %). The 
Malaysian clay was evidently 'under-
31'"'Mei 2007 
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Figure 5: G 0 and s v - time in a loading 
stage 
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stabilized' even at the highest cement 
content, with compressibility reduced by a 
mere 5 % for the standard oedometer 
tests, and 42 % for the oedo-BE tests. 
Overall, the kaolin specimens were 
the most controlled in terms of initial wa-
ter content. Not surprisingly, therefore, 
kaolin has the best agreement between the 
results of the two types of test. The two 
natural clays, unfortunately, do not al-
ways display similarly good matches. The 
Malaysian clay results, especially, show 
poor agreement between results of the 3 
% cement content specimens, where the 
MC3 curve (oedo-BE) lies well above the 
MC3_7d (standard oedometer) one. One 
hypothesis is that o-ring friction loss var-
ied from one specimen to the next in the 
oedo-BE cell. A second hypothesis is that 
the small differences in the initial water 
content of the natural clay specimens 
could have contributed to the discrepancy 
observed in the two oedometer test re-
sults. 
Specimen SC10: 200-400 kPa 
There was very little improvement in set-
tlement reduction, if any, arising from ex-
tending the curing period, and this implies 
that the extra cementation networks 
formed within the older specimens were 
probably destroyed at the beginning of the 
tests. 
N _ 
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Specimen SC10 
Figure 6: G 0 -Effective vertical 
stress (o\')-
The complete oedo-BE test results for 
K1.5 and K3, depicting all the loading, 
unloading and reloading paths, are pre-
sented in Figure 4. From the unloading-
reloading loops, it is apparent that the sta-
bilized soils behave very similarly to 
normal clays, with an almost complete re-
covery upon reloading. The ratio of com-
pression index to recompression index, 
C c/C r, for the base clay and stabilized clay 
specimens ranges from 11.3 to 17.1 and 
from 16.7 to 126.9 respectively, indicat-
ing that the settlement incurred in the pre-
yield range is very small for the stabilized 
specimens. This explains the importance 
and advantages of utilizing deep-mixed 
columns within the pre-yield zone, be-
yond which settlements can be significant. 
3.2 Relationship between compressibility 
and small strain shear stiffness 
It was shown in the oedo-BE experiments 
that G 0 increased while the specimen 
compressed during a single loading stage, 
an example of which is shown in Figure 5. 
Note that, steps in the G 0 trend were due 
to the limited resolution of the shear wave 
arrival time, t 0, which was rounded off to 
the nearest 10 us. Some of the stiffness 
increase was gained during consolidation 
when water was expelled from the speci-
men. However even with the decrease of 
settlement rate, as depicted by the vertical 
strain, e v (at the onset of secondary com-
pression), G 0 clearly maintains an upward 
trend. This particular loading increment 
was held for an extended period of 10 
days to study the stabilized material's 
creep behavior. As the plot shows, it was 
not possible to distinguish the end of pri-
mary consolidation from the trend of G 0 
alone. 
A slight initial dip in G 0 with loading 
during normal consolidation was some-
times observed in the test series with the 
oedo-BE cell. The same observation was 
reported by Santamarina and Fam (2001), 
who tried to validate the cause as the col-
lapse of cementation bonds with loading. 
However, the same phenomenon was pre-
sent in dry kaolin specimen, as reported 
by Afifi and Woods (1971), showing that 
it is not unique to cemented material. 
There is a possibility that the dip is due to 
the breakage of cementation bonds in sta-
bilized soils, whereas in non-bonded soil 
interlocking particles, under stress from 
the previous loading, are disturbed and 
rearranged, causing the initial slight de-
crease in G 0 . 
During an unloading stage, G 0 was 
observed to remain almost unchanged. 
This indicated that much of the stiffness 
gained with previous loading was locked 
in even when o\ and cih were substantially 
removed. 
An example of the variation of G 0 dur-
ing an entire test is illustrated in Figure 6. 
Also marked on the plot is the yield stress 
as defined using the reloading line fitting 
method (Chan 2006a). Prior to yield, G 0 
was nearly constant, indicating a strong 
cementation maintaining the structure 
even under stress (see insets). Following 
yield, the significant increase of G 0 is 
mainly attributed to the influence of effec-
tive stress, where any loss of stiffness due 
to the breakdown of cementation bonds 
was outweighed by consolidation of the 
specimen. A comparison of the overall 
test results' showed that, during final 
unloading, a less significant decrease in 
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The correlations of M0tan with G 0 for 
all the stabilized specimens are shown 
next in Figure 7, together with regression 
lines derived by Burns and Mayne (2002) 
for natural clays. Only post-yield values 
are included in the plot; v s and hence G 0 
remained largely constant prior to yield 
and did not correlate well with M 0 . It is 
perhaps worth mentioning that Burns and 
Mayne (2002) obtained the regression 
lines from various sources of natural soil 
data without making a distinction between 
normally and over-consolidated clays. Al-
though the present data fit the relation-
ships fairly well, especially the M 0 - G 0 
correlation, for practical purposes with 
stabilized soils, it is perhaps essential to 
differentiate the pre- and post-yield condi-
tion. 
Such correlation could be very useful 
for predicting the compressibility of stabi-
lized soils post-yield, provided v s and 
hence G 0 is known, without conducting 
time-consuming oedometer tests. How-
ever, it is appreciated that the stiffness 
pre-yield is equally, if not more impor-
tant, from both the design and practical 
points of view. It is unfortunate that the 
experimental set-up was unable to meas-
ure pre-yield compressibility accurately 
enough to establish complementary 
correlations. 
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G 0 occurred in specimens with higher 
binder content. This could further suggest 
that cementation has a major contributory 
effect on the over-consolidated behavior 
of stabilized soils. 
The constrained modulus, M 0 , was ob-
tained using two methods: 
• Derivation from tangents to the com-
pression curve at stress levels where 
the shear wave velocity was measured 
at the end of a loading stage, M 0 t a n-
• Derivation from the line joining two 
consecutive points on the compression 
curve, Momid- It is denoted such as to 
represent the approximate value of M 0 
midway between two stress levels. 
Generally there was good agreement 
between the two, though M 0mid was usu-
ally higher than M o t a n . 
The change in M 0 followed a similar 
trend which corresponded with the char-
acteristics of the respective compression 
curves in Figure 3. M 0 gradually de-
creased with loading as the specimen ap-
proached yield. Once yield had occurred, 
the increase of effective stress resulted in 
a steady rise in M 0 . The unusually sharp 
increase of M 0 pre-yield in some of the 
specimens with higher binder contents 
was attributed to bedding errors, which 
resulted in overestimation of the initial 
settlement and underestimation of the ini-
tial M 0 . 
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4.0 Conclusions 
The shear wave velocity, and hence G 0, 
was found to be a good indicator of the 
improved stiffness during curing, as well 
as the processes involved during a one-
dimensional compression test of stabilized 
clays. The constrained modulus, M 0 , was 
correlated with G 0 , and the results com-
pared with the correlation for natural 
clays published by Burns and Mayne 
(2002). It was found that only data from 
the normally consolidated range fitted the 
relationship, suggesting the need to dif-
ferentiate between data for normally con-
solidated and over-consolidated soils. 
Such a relationship can be useful for de-
sign works. 
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